The irregular spatial distribution and velocity independence of basal friction derived from Landsat measured surface velocity suggests that ice stream flow is not controlled by the properties of a deformable basal till alone. Rigid bedrock substrata may contact the base of the ice stream in small (< 100 km 2) areas where the velocity field displays strong vorticity and where the ice stream surface appears rumpled in Landsat images.
Notation is explained at the end of the paper. The depth average viscosity v is strain rate dependent and accounts for steady state power law creep [Thomas and MacAyeal, 1982] , B 1/ = n-1
2 Horizontal velocity components u and v are independent of the vertical coordinate z and are thus first-order approximations to the horizontal velocity at the surface of the ice stream.
Equations (1) and (2) are approximations to the full, threedimensional stress equilibrium equations. They are valid when the ratio of thickness to horizontal span of the ice stream is small and when the basal friction is small compared to the stress needed to induce significant vertical shear. A derivation of these equations using asymptotic expansions in terms of nondimensional parameters is provided by MacAyeal [1989] . The best indication that these equations apply to ice stream E is the fast basal ice velocity apparent in the Landsat images and (2). In this representation, two physical assumptions are imposed. First, the friction is assumed to be parallel to the direction of the depth-averaged horizontal ice velocity.
Second, the basal friction coefficient /•2 is assumed positive definite. These restrictions ensure that basal drag represents a sink to the mechanical energy of the ice stream at all points.
Flow law parameters B and n are assumed to be 1.73x10 •Pa s •/3 and 3 (nondimensional units), respectively. The constant B is determined by the temperature depth profile of the ice stream and accounts for the depth-integrated stiffness of the ice column when sustaining depth independent horizontal strain rate. Its value was computed from the temperature dependent function recommended by Thomas and MacAyeal [1982] [Drewry, 1983] which present the large-scale ice geometry. Accuracy is estimated to be approximately 100 m for ice thickness and 50 m for surface elevation.
integrated stresses are specified. In the latter case, U is specified. In the present study, it is most convenient to specify kinematic conditions at all boundaries of the study region. This is because the boundaries do not lie on natural breaks in the system where the vertically integrated stresses can be specified. To specify the kinematic boundary conditions required for the solution of (1)-(3), I set both components of U equal to the Landsat image derived velocity provided by Bindschadler and Scambos [1991] .
INVERSE PROBLEM
The goal of this study is to determine the distribution of l•(x,y) from a known distribution of the surface velocity denoted U (x,y) (shown in Figure 2 ). As mentioned previously, To solve these equations, it is necessary to evaluate the first and second partial derivatives of the observed velocity, and this requires interpolation of the irregularly distributed velocity measurements. As is well known, there are many ways to interpolate a field of irregularly spaced observations. Bindschadler and Scambos [1991] used a commercially available package based on kriging principles, and then adjusted the results by hand. It is thus possible for the interpolation method to artificially affect the /• field derived from (4) and (5)ß To avoid these effects, I recommend using an interpolation scheme that is faithful to the physics which govern the ice stream velocity. This scheme is the control method which I discuss below. 
The direct algebraic inversion also faces several other mathematical hazards

THE CONTROL METHOD
The second approach to the inverse problem stated above follows from control theory [Wunsch, 1988; Thacker and Long, 1988 ]. This approach is adopted here because it allows for velocity data that are incompatible with solutions of (1) 
The vector field A =(•,t•) is introduced •m (6) as a Lagrange
undetermined multiplier [Bryson and Ho, 1975] . Its purpose is to enforce the satisfaction of (1) and (2) Figure 3 , the assumed driving stress is directed longitudinally within the ice stream. Figure 9 indicates that the driving stress predominantly exceeds the basal friction along the ice stream margin where horizontal shear stresses tend to retard the longitudinal flow. This observation is consistent with the fact that horizontal deviatoric stresses play an important role in the force balance [MacAyeal, 1989] . unknown coefficients of the series expansion for zs.
